Introduction
Global climatic change represents a clear challenge to the preservation of native biodiversity. Understanding the mechanisms that enable organisms to adapt to environmental change is thus a critical endeavor. Two mechanisms have received much attention: (1) the ability of organisms to alter the expression of traits (phenotypic plasticity) in response to environmental changes, and (2) rapid evolutionary responses to a shift in ecological conditions (Bossdorf et al. 2008; Uller 2008; Bonduriansky et al. 2012) . However, it is now becoming clear that the environment can induce phenotypic changes that span multiple generations (Jablonka and Raz 2009 ). Such ''transgenerational plasticity'' (TGP) occurs when the environment experienced by parents influences the phenotypes of subsequent generations (Fox and Mousseau 1998) . Given that ambient temperatures are expected to increase by at least 2-48C over the next 100 years (IPCC 2007) , thermal variation in TGP potentially represents an important mechanism by which organisms adapt to rising temperatures. Yet, our current understanding of the transgenerational effects of temperature is largely limited to the connection between the temperature experienced by parents and the fitness of offspring (i.e., Gilchrist and Huey 2001; Salinas and Munch 2012) . The extent to which temperature can induce phenotypic responses that persist for two or more generations is unclear. Thus, increased exploration of the transgenerational effects of thermal environments is needed.
Theory predicts that the evolution of phenotypic plasticity, whether it occurs within generations or across generations, depends upon environmental heterogeneity. Within-generation phenotypic plasticity is expected to be favored when the environment is variable but predictable (Levins 1968; Scheiner 1993; Day and Bonduriansky 2011; Bonduriansky et al. 2012) . Such predictions have received considerable empirical support (e.g., Kingsolver 1995; Denver et al. 1998; Donohue et al. 2000; Lind et al. 2007; Hollander 2008; Baythavong 2011) . Similar conditions are predicted to select for TGP (Uller 2008; Day and Bonduriansky 2011; Bonduriansky et al. 2012) ; TGP is predicted to be favored when (1) there is environmental heterogeneity across generations, (2) offspring's environmental conditions are predictable from parental environmental conditions, and (3) the costs of cue-induction are low for parents and offspring. Such conditions likely apply to many organisms.
The waterflea (Daphnia sp.) is a key component of aquatic ecosystems. Daphnia spp. are the dominant grazers on phytoplankton in many lakes and are important for the transfer of nutrients to upper trophic levels (Elser et al. 1988; Carpenter et al. 1992) . In seasonal environments, such as the Northeastern United States, Daphnia are commonly found in the water column during the spring, summer, and early fall months. These populations thus experience strong temporal variation in water temperature; temperatures of lake water in the spring are consistently lower than temperatures during the summer (Post et al. 2008; Walsh and Post 2011) . This predictable variation in water temperature has the potential to influence transgenerational responses in Daphnia.
Here we evaluate patterns of thermal TGP in development in Daphnia ambigua. There are several reasons why we expect temperature to induce transgenerational effects on the developmental reaction norms of Daphnia: First, transgenerational responses have been observed in Daphnia (Vandegehuchte et al. 2009 (Vandegehuchte et al. , 2010a Harris et al. 2012) , including cross-generational effects of ecological variables (i.e., predator cues) on life-history traits (Santangelo et al. 2010) . Second, rate of development is closely linked to fitness (i.e., population growth) (Gotelli 1998) and is sensitive to variation in temperature. Finally, the periodicity of seasonal variation in temperature is considerably longer than the generation time of Daphnia. As a result, ambient water temperature is likely to covary between parents and offspring. This relationship between the periodicity of environmental cues and generation length is a key requirement for TGP (Uller 2008; Burgess and Marshall 2014) .
We quantified patterns of thermal TGP in Daphnia from two lakes in Connecticut. We first reared Daphnia in a common environment for a period of two generations to standardize conditions across all lineages. We then quantified the development rate of Daphnia when reared at temperatures that are representative of either spring or summer conditions and successively transferred Daphnia between these temperatures over the course of three experimental generations ( Fig. 1 ). We were specifically interested in the extent to which thermal TGP across multiple generations is adaptive. Crossgenerational effects are generally considered adaptive when offspring have higher fitness when there is a matching between parent (and grandparent) and offspring conditions as opposed to when such conditions are mismatched (Uller et al. 2013 ).
Materials and methods

Focal lakes
This study used Daphnia ambigua from two lakes in Connecticut (Wyassup Lake and Gardner Lake) (see Post et al. 2008 for map). In these lakes, Daphnia coexist with several species of planktivorous fish (e.g., bluegill, pumpkinseed) that are modest predators on zooplankton (Post et al. 2008) . As a result, Daphnia are common during the spring and summer months and thus experience a large difference ($128C) in temperature between spring and summer (Post et al. 2008; Walsh and Post 2011 ; see also Walsh et al. 2012) .
Experimental overview
Prior to the onset of the TGP experiment, we hatched Daphnia from resting eggs retrieved from lake sediment and then reared clones individually in a common garden setting at 188C for two generations ( Fig. 1 ). This temperature is intermediate between the experimental temperatures used in the TGP experiment. Beginning with the third laboratory-reared generation, all populations of Daphnia were reared at 138C and 238C. These temperatures Thermal transgenerational plasticity 823 approximate the temperatures naturally observed during spring and summer in lakes (Walsh and Post 2011) . The offspring of all clones were subdivided in a factorial manner between 138C and 238C to create all possible combinations of treatments for two subsequent generations ( Fig. 1) . We refer to the third-generation laboratory-reared individuals as the F 0 generation and the following two generations as F 1 and F 2 generations, respectively.
Experimental protocols
Populations of Daphnia ambigua were initiated by hatching ephippia from sediment samples that were collected using an Ekman grab in each lake in August 2009. At least 10 clones were hatched per lake. The first generation in the laboratory consisted of a single postephippial individual that was reared under common conditions (14:10 h light:dark cycle, 188C) in 90-mL jars containing COMBO medium (Kilham et al. 1998 ) and nonlimiting quantities of Scenedesmus obliquus (concentration:40.8 mg C L À1 day À1 ). For the second generation in the laboratory, two neonates taken from the third clutch of each clone were reared under the same conditions (i.e., size of container, food concentration) as the previous generation. The number of neonates per jar was reduced to 1 on Day 3 of rearing. During these first two generations of common-garden rearing, as well as the three experimental generations, high-quality conditions were maintained by changing all individuals to fresh media and algae every other day.
The TGP experiment commenced with the thirdgeneration laboratory-reared clones of D. ambigua from both lakes (Fig. 1) . The experiment was started by collecting six newly born individuals (512 h old) from the third clutch of each clone and individually placing them into 90-ml jars containing COMBO medium and specified quantities of Scenedesmus obliquus (concentration: 0.8 mg C L À1 day À1 ). The six individuals were equally subdivided between ''low'' (138C) and ''high'' (238C) temperatures that mimic average spring and summer conditions (Walsh and Post 2011) . The experiment was started with 10 clones per lake and each clone was replicated three times per temperature treatment. Beginning on Day 3, all individuals were checked for maturation. Here maturation is defined as the release of the first clutch into the brood chamber. All individuals were checked at least twice daily for maturation. After maturation, all Daphnia were either monitored daily (in the high-temperature treatment) or every other day (in the low-temperature treatment) for the production of offspring.
The F 1 generation was initiated by collecting six newly born (512 h old) individuals per clone per temperature treatment. Since there were replicate jars containing genetically identical individuals within a given temperature treatment, offspring were homogenized among these replicates before propagating the next generation. Offspring were retrieved from the third clutch and these individuals were again placed into 90-mL jars and were equally divided between high and low temperatures. We closely monitored all individuals for the release of the third clutch to minimize exposure of the offspring to the environmental conditions experienced by the parent. All offspring were 518 h old at the onset of the F 1 (and F 2 ) generation. The F 2 generation was then generated using the procedure described above.
Because we utilized a factorial design, the sample sizes, as well as the number of distinct treatments, doubled each generation. The F 0 generation consisted of two temperature treatments that included Daphnia from two lakes with 10 clones per lake and six individuals per clone (n ¼ 2 Â 10 Â 6 ¼ 120 individuals; 60 individuals per temperature). The F 1 generation consisted of four treatments; Daphnia maintained at high (HH) or low (LL) temperatures for two generations, Daphnia switched from high to low (HL) temperatures, and Daphnia transferred from low to high (LH) temperatures. Since the same level of replication was maintained, the sample size doubled to 240 individuals. The F 2 generation yielded eight unique combinations of temperature treatments (HHH, HHL, HLH, HLL, LHH, LLH, LHL, LLL) and thus n ¼ 480 individuals.
Statistical analysis
All analyses of age at maturation used linear mixed models (SPSS v.19) implemented by restricted maximum-likelihood estimation. We analyzed all three generations of data separately. We also used the clone's mean (per treatment) as the unit of replication in all analyses. In our analyses, we used satterthwaite approximations in all tests of fixed effects and a likelihood ratio test for the random effects. In the F 0 generation, temperature (138C, 238C) was included as a fixed effect while ''lake'' and ''clone'' (nested within lake) were entered as random effects (for all generations of data). The F 1 generation included parent temperature (F 0 ), current temperature, and the parent Â current temperature interaction as fixed effects. The F 2 generation included grandparent temperature (F 0 ), parent temperature (F 1 ), current temperature, and all interactions as fixed effects. All data on maturation were natural log-transformed to better meet assumptions of normality.
Results
Our results revealed significant (P50.05) transgenerational effects of water temperature on the developmental rate of Daphnia ambigua (Table 1, Figs. 2  and 3 ). Below we describe the results for each generation separately.
F 0 generation
The temperature at which the animals were reared had a significant (P50.05) influence on developmental rate as Daphnia reared at 238C matured $7.5 days earlier than did Daphnia grown at 138C (Table 1 and Fig. 2 ).
F 1 generation
In the F 1 generation, the current rearing temperature significantly influenced rates of Daphnia's development (Table 1) ; Daphnia reared at 238C matured $6 days earlier than did Daphnia reared at 138C (Fig. 2B ). Parental temperature also significantly influenced the developmental rate of offspring (Table 1) . Daphnia reared at 138C in the F 0 generation directed their offspring to develop faster in the following generation (F 1 ), while parental exposure to 238C had the opposite effect (i.e., a slower rate of development in the F 0 generation) ( Figs. 2 and 3) . Overall, the offspring of parents reared at 138C matured 4 days earlier than did the offspring of parents reared at 238C (Fig. 3) . The end result is that the offspring of Daphnia reared at 138C in the F 0 generation matured faster than did the offspring of Daphnia reared at 238C at both low (LL versus HL) and high (LH versus HH) temperatures ( Figs. 2 and 3) . Post hoc tests revealed that the differences between the LL and HL treatments and LH versus HH treatments were significant (P50.05) (Fig. 2) .
F 2 generation
The current rearing temperature significantly influenced age at maturation as Daphnia matured approximately five days earlier when reared at 238C versus 138C in the F 2 generation (Table 1 and Fig. 2C ). The rate of development of F 2 individuals also depended upon the temperature experienced by the F 0 and F 1 generations. Similar to the results obtained in the F 1 generation, we observed a significant effect of the temperature at which the parental generation was reared; the offspring of F 1 parents reared at 138C matured 8% faster than did the offspring of F 1 individuals reared at 238C [Average age at maturation (d AE 1s.e.): Offspring of F 1 parents reared at 138C ¼ 5.83 AE 0.12, Offspring of F 1 parents reared at 238C ¼ 6.31 AE 0.12]. We also observed a significant interaction between the temperature experienced during the grandparent (F 0 ) and parent (F 1 ) generations (Table 1 and Fig. 2C ). No differences were observed among F 2 individuals at 238C regardless of the temperature experienced by prior generations (Fig. 2C) . Conversely, differences among F 2 
Random effects
Lake 1 0.62 NS Clone 1 1.02 NS F 0 : Temperature was the fixed effect. F 1 : Parental temperature, current temperature, and the interaction between the two were included as fixed effects. F 2 : Grandparental temperature, parental temperature, current temperature, and all interactions were included as fixed effects. In all generations, lake and clone (nested within lake) were entered as random effects. Entries for the fixed effects are F statistics, while entries for random effects are Wald Z values from a likelihood ratio test. *** ¼ P 5 0.001, ** ¼ P 5 0.01, * ¼ P 5 0.05.
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individuals at 138C depended upon the temperature experienced during the F 0 and F 1 generations. In general, all Daphnia that were reared for at least one previous generation at 138C matured earlier than did the individuals that were reared at 238C in the F 0 and F 1 generation (Fig. 2C ).
Discussion
Our results provide evidence for parental and grandparental effects on rates of development in Daphnia.
Comparisons between the F 0 and F 1 generation show that Daphnia reared at low temperatures (138C) directed their offspring to develop faster in the F 1 generation while higher temperatures (238C) yielded the opposite trend ( Figs. 2 and 3 ). However, the patterns observed in the F 2 generation depended upon the combined influence of the previous generations (Fig. 2C) . These interactive effects of parental and grandparental generations ultimately yielded patterns of variation in traits that are not easily predicted from the trends revealed in the F 0 and F 1 generation. It is also important to note that our results are unlikely to be explained by correlated trade-offs with traits related to size or fertility. We previously showed that a similar range of temperatures as used in the current experiment (128C versus 258C) had minor effects on fecundity and size at maturation (Walsh and Post 2011) . Below we elaborate on the nature of these results and specifically consider the extent to which these results are adaptive. The patterns of variation in traits between the F 0 and F 1 generations provide evidence for adaptive thermal TGP. Daphnia reared at 138C in the F 0 generation strongly programmed individuals in the F 1 generation for faster development; F 1 Daphnia whose parents were reared at 138C matured 2.5 (at 238C) and 5.5 (at 138C) days faster than the offspring of parents reared at 238C (Figs. 2 and 3 ). Yet, when data from all generations are collectively considered, the signal for an adaptive response to the temperatures experienced by previous generations is obscured. The complicated nature of our results is apparent from several observations. First, within any generation, the relative magnitude of transgenerational effects (parental or grandparental) is consistently much smaller than the effect of the temperature currently experienced by any individual. Second, rates of development in the F 2 generation at 238C clearly did not depend upon previous temperature regimes; all treatments developed at similar rates (Fig. 2) . Finally, we did not observe a consistent association between the temperature experienced in the F 0 and F 1 generation and the rate of development in F 2 individuals at 138C. For instance, the LLL treatment did not mature significantly earlier than any of the F 2 treatments that had previous exposure to 238C (Fig. 2) . However, the HHL treatment did mature slower than any treatment that had previous exposure to 138C (i.e., LLL, LHL, HLL), although only the difference between HLL and HHL were significant (Fig. 2) . Such trends tentatively suggest that exposure of parents or grandparents to a low temperature may facilitate rapid development in individuals that also experience a low temperature.
Evidence for a transgenerational influence of temperature on the expression of traits related to fitness, such as rates of growth and development, is accumulating. Studies on insects (Groeters and Dingle 1988; Steigenga and Fischer 2007) , plants (Blodner et al. 2007) , and fish (Salinas and Munch 2012) have shown that the temperatures experienced by parents alter the fitness of offspring (but see Scharf et al. 2010 ). However, the manner in which parents modify among-generation plasticity has varied across studies. For example, Steigenga and Fischer (2007) showed that butterflies (Bicyclus anynana) whose parents were raised at low temperature had longer durations of the larval and pupal stages and a reduced larval growth rate when compared to individuals whose parents experienced a higher temperature (see also Crill et al. 1996; Gilchrist and Huey 2001; Blodner et al. 2007 ). Similar to the trends obtained in the current study (between the F 0 and F 1 generation), Groeters and Dingle (1988) showed that milkeed bugs (Oncopeltus fasciatus) accelerated the development of offspring when parents were reared at low temperatures. Yet, the transgenerational effects of temperature in these studies were largely limited to a single generation (between parent and offspring). Our study thus represents an important extension of this growing body of work. Moreover, given the nonadditive effects of the grandparents' and parents' temperature regimes that were observed in the current experiment (Fig. 2) , we caution that trends observed between parent and offspring may not accurately predict the transgenerational effects of temperature across several generations (Fig. 2) .
A recent study of the transgenerational effects of the availability of resources to Folsomia canida (springtails) provides a surprising parallel to our results (Hafer et al. 2011) . This study used a very similar design as our own and manipulated availability of resources in a factorial manner across three generations. Hafer et al. (2011) observed evidence for an influence of parental and grand-parental food levels on age at maturation in F 2 individuals. In this experiment, no differences were observed among the F 2 treatments that were reared with high food; the differences among F 2 treatments reared with low food did not show a consistent association between previous exposure to food and development rate in the current generation (see Fig. 1 in Hafer et al. 2011) . For example, springtails that experienced consistent exposure to low food conditions for three generations did not develop faster than any of the treatments with a previous history of exposure to high food conditions. Thus, in both our own study and that of Hafer et al. (2011) , no differences were observed in F 2 individuals in the treatments that facilitated the fastest rates of development (high food or high temperature) while there is some evidence for a correlation between different treatments and parental and grandparental effects in the F 2 food and temperature treatments that yield slower rates of development (low food or low temperature), but the adaptive nature of these trends is not readily apparent. The similarity between our results and those of Hafer et al. (2011) further argue that an accurate understanding of the transgenerational effects of environmental stressors involves robust manipulations across several experimental generations.
Is TGP adaptive?
In general, the evidence for adaptive variation in TGP is mixed. Several studies provide clear evidence for adaptive TGP (i.e., Gustafsson et al. 2005; Galloway and Etterson 2007 ). Yet, a recent meta-analysis revealed weak evidence for adaptive TGP, especially when compared with the direct effect of current environmental conditions (Uller et al. 2013 ; see also Burgess and Marshall 2014) . One empirical shortcoming that Uller et al. identify is that environmental treatments do not often reflect ecologically-relevant variation. Given the results obtained in the current study, it is thus important to consider the manipulations of temperature that formed the basis of our experiments. We used temperature treatments that mimic the average differences observed in lakes between spring and summer (Walsh and Post 2011 to experience in lakes (on average). Given that Daphnia migrate from warm surface waters to colder, deeper waters in avoiding predation by fish (Lampert 1989; Loose and Dawidowicz 1994) , Daphnia routinely experience large changes in temperatures. However, Daphnia are unlikely to experience a 108C shift between generations (based upon average lake temperature) and some of the treatments in the factorial design are likely more ecologically relevant than others. For instance, it is unlikely that three generations of Daphnia will experience multiple transitions between very warm or very cool conditions (i.e., LHL, HLH). Conversely, it is plausible for three consecutive generations of Daphnia to experience consistently warm or cool conditions (HHH and LLL treatments). Even focusing on the most ecologically relevant situations does not improve our understanding of the trends observed in the F 2 generation. For instance, there were no differences between the ''most'' and ''least'' ecologically relevant treatments (i.e., HHH versus HLH or LLL versus LHL) ( Fig. 3) . Given that a strong interaction between the temperatures experienced during the parental and grandparental generations influenced the trends observed in the F 2 generation and also that our transitions in temperature represent the entire range of conditions experienced by Daphnia, it would be informative to see if similar trends are observed in experiments that utilize a greater number of temperature treatments with more subtle gradients of temperature across generations.
Genetic variation in TGP
In the discussion of our results, we have considered the extent to which the patterns of TGP were adaptive. The conclusion drawn from this analysis is that the signal for adaptive transgenerational responses in the F 2 generation is weak (see also Uller et al. 2013 ). However, this interpretation is based upon the average response across twenty genotypes. An alternative perspective is that genetic variation in TGP allows a population to respond to an environmental stressor. Focusing on the average transgenerational responses across many genotypes may obscure such a mechanism. Clonal responses across generations provides qualitative evidence for genetic variation in TGP (Fig. S1 ). For instances, genotypes vary strongly in the magnitude of responses across generations and, less commonly, in the direction of response to temperature manipulation (Fig. S1 ). Such clonal variation may permit rapid responses to expected future changes in water temperature associated with global climatic change. Testing the role of genetic variation in TGP in promoting responses to environmental variables represents a potentially profitable area of future research.
Conclusions
Our study evaluated the transgenerational effects of water temperature on rates of development in Daphnia across three experimental generations. Our results provide evidence for parental and grandparental effects of temperature on the development of offspring. F 1 individuals provide clear evidence for an adaptive response to the temperature experienced by the F 0 generation (Fig. 2) . Such results illustrate that Daphnia can rapidly modify rates of development based upon current water temperatures. Given that water temperatures are widely anticipated to rise in the future, such capabilities may prove valuable for the persistence of species. Yet, it is also important to note that the trends revealed in the F 2 generation indicate that previous generations' exposure to temperature can interactively influence the phenotypic expression of traits in an unexpected manner. Based upon the results of the current study, as well as of other recent work quantifying grandparental effects (Hafer et al. 2011) , we call for a greater development of theory and subsequent empirical work to better understand the forces that generate transgenerational responses and relative importance of these responses to the fitness of these organisms.
